Under the action of wind, traffic, and other influences, long-span bridges are prone to large deformation, resulting in instability and even destruction. To investigate the dynamic characteristics of a long-span concrete-filled steel tubular arch bridge, we chose a global navigation satellite systems-real-time kinematic (GNSS-RTK) to monitor its vibration responses under ambient excitation. A novel approach, the use of complete ensemble empirical mode decomposition with adaptive noise combined with wavelet packet (CEEMDAN-WP) is proposed in this study to increase the accuracy of the signal collected by GNSS-RTK. Fast Fourier transform (FFT) and random decrement technique (RDT) were adopted to calculate structural modal parameters. To verify the combined denoising and modal parameter identification methods proposed in this paper, we established the structural finite element model (FEM) for comparison. Through simulation and comparison, we were able to draw the following conclusions. (1) GNSS-RTK can be used to monitor the dynamic response of long-span bridges under ambient excitation; (2) the CEEMDAN-WP is an efficient method used for the noise reduction of GNSS-RTK signals; (3) after signal filtering and noise reduction, structural modal parameters are successfully derived through RDT and illustrated graphically; and (4) the first-order natural frequency identified by field measurement is slightly higher than the FEM in this work, which may have been caused by bridge damage or the inadequate accuracy of the finite element model.
Introduction
Nowadays, with the development of new materials and high-tech solutions, an increasing number of long-span bridges have emerged. Due to the influences of traffic, wind, corrosion, tidal currents, and the combination of these, these bridges easily succumb to large deformation or even destruction. Natural frequency, mode shape, and damping ratio are basic dynamic characteristics of civil engineering structures, which can reflect structures' security and stability and are worthy of further research. Recent developments in field measurement techniques have provided rapid acquisition of data and highly reliable results for analyzing structural dynamic responses.
Accelerometer monitoring is an effective means with which to monitor the dynamic characteristics of long-span bridges [1, 2] . However, it inevitably causes drift errors as it requires a double integral for acquiring deformation displacement [3, 4] . Global positioning system (GPS) has been proven a useful means with which to monitor structural dynamic displacement, which is especially suitable for large scale structures with large deformation and low frequency [5] [6] [7] . The authors of this paper denoising method (CEEMDAN-WP) is proposed in order to process the monitoring signals from the GNSS-RTK receivers. Finally, the structural modal parameters are identified through FFT and RDT.
Stability Test of GNSS-RTK Receivers
To evaluate the accuracy of the GNSS-RTK receivers, a stability test was implemented in a wide and breezeless site, as shown in Figure 1 . There were five Hai-Xingda H32 receivers from Hi-target company in Tianjin, China employed in the experiment. Among those five instruments, one was designed as a reference station, while the other four were rover stations. Each of the rover stations not only received information from the reference station through radio-receiving equipment, but also automatically collected three-dimensional information of measuring points together some systematic errors (e.g., the satellite clock error, receiver clock error, ionospheric and tropospheric refraction errors, etc.). Then, the coordinate values of the measuring points could be obtained through real-time differential processing. This experiment was carried out for three hours without interruption. The sampling rate was set to 10 Hz. monitoring signals from the GNSS-RTK receivers. Finally, the structural modal parameters are identified through FFT and RDT.
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The Principle of CEEMDAN-WP and RDT
This section introduces a novel algorithm named CEEMDAN-WP, which integrates the CEEMDAN and wavelet packet decomposition techniques for signal denoising. In addition, RDT and a related technique are proposed for modal identification. A flow chart of signal denoising and modal identification procedures is shown in Figure 3 . The specific algorithms of mentioned are introduced in the following subsection. 
EEMD, CEEMD, and CEEMDAN Algorithms
The core of the EMD algorithm is decomposition, through which a number of IMFs can be obtained [13] . The IMF components satisfy two conditions: the number of extreme points and zero-crossing points are equal or at most have a difference of one, and the average of the upper and lower envelopes is zero. Following EMD, EEMD mainly focuses on ameliorating the problem of mode mixing [14] . The EEMD algorithm is presented as follows. 
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The core of the EMD algorithm is decomposition, through which a number of IMFs can be obtained [13] . The IMF components satisfy two conditions: the number of extreme points and zero-crossing points are equal or at most have a difference of one, and the average of the upper and lower envelopes is zero. Following EMD, EEMD mainly focuses on ameliorating the problem of mode mixing [14] . The EEMD algorithm is presented as follows.
1.
Add Gauss white noise ω(t) into the original signal x(t) and thus produce a new signal X(t).
2.
Using the EMD algorithm, X(t) is decomposed into a number of IMF components and a residual component r(t).
3. By repeating the above two steps, the IMFs im f ij (t) are obtained, where i is the iteration number and j is the mode.
4.
Compute the average of the IMF components to eliminate the effects of additional white noise.
Although EEMD can reduce the influence of mode mixing, the noise remains. To solve this problem, a CEEMD algorithm [15] is introduced, which can be expressed as
1.
Add positive and negative white noise ω ± (t) into the original signal x(t), and generate two new signals X ± (t).
Repeat the above step, and decompose the new signals using EMD. 3.
Derive two sets of IMF components for the new signals.
4.
Calculate decomposition results by averaging multiple components.
To alleviate the computational load and maintain the ability to eliminate mode mixing, Torres et al. [16] proposed a method (i.e., the CEEMDAN method). This method can be divided into the following steps.
1.
Define E j (·) as the operator which produces the j-th IMF which has been decomposed based on the EMD algorithm. The first mode im f 1 is derived by EMD from the signal x(t) + ε 0 ω i (t).
where ε 0 is the amplitude of the added white noise and ω i (t) is the white noise with unit variance.
2.
Calculate the first residual signal.
3. Decompose the signal r 1 (t) + ε 1 E 1 (ω i (t)) (i = 1, · · · , N) to derive the first mode, after which the second mode is defined.
4. For j = 2, · · · , J, calculate the j-th residual signal.
5. For j = 2, · · · , J, decompose the signal r j (t) + ε j E j (ω i (t)) (i = 1, · · · , N) to derive the first mode, after which the (j + 1)-th mode is defined.
6. Turn to step 4 for the next j.
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Repeat Steps 4-6 until the residue has no more than two extrema, and satisfy the relationship
where J is the total number of modes. Then, the original signal x(t) is defined as
From Equation (12), the CEEMDAN method can provide a complete and accurate reconstruction signal. Meanwhile, at each stage, noise of different signal noise ratio (SNR) values can be obtained by adjusting the coefficient ε j .
WP Method
WP is a development of the wavelet technique, which can decompose the signal of both low-frequency components and high-frequency components. WP decomposition can be expressed as
The CEEMDAN-WP Model
The combined CEEMDAN-WP model has comprehensive advantages over both the individual CEEMDAN and WP methods. Its specific steps may be presented as follows.
1.
CEEMDAN is employed for decomposition to obtain a series of IMFs.
2.
Because of the existence of background noise, some IMF components are noise dominated. Reconstruct signals after removing the components which are noise dominated.
3.
A three-level WP is used to decompose the signal obtained in Step 2.
4.
Determine the classic wavelet basis.
5.
Select proper thresholds and quantify the decomposed coefficients. 6.
Reconstruct the signal and export.
The RDT Method
RDT is a basic means with which to extract structural free-attenuation vibration signals from random vibration response signals. The extraction is usually regarded as a structural random decrement signature (RDS), which indicates the free vibration of the dynamic system under a supposed stationary random vibration and certain initial conditions [40, 41] . In this study, the displacement response signal x(t) (i.e., Signal R2) is divided into a series of time sample functions x(t i + τ)
. N is the number of samples and τ = t − t i . Furthermore, the RDS can be obtained via the average of the time segments x(t i + τ) of the structural response, which can be expressed as
where C is the initial condition assumed by x(t) at time t i . Based on the RDS, the natural frequency is presented as
where T is the measured period of the RDS. The damping ratio is obtained by a logarithmic decrement approach. The logarithmic decrement β can be expressed as
where A i and A i+n are the amplitudes of cycles i and i + n, respectively. Ultimately, the structural damping ratio ξ is derived as
Performance Evaluation of the CEEMDAN-WP
In order to evaluate the performance of the CEEMDAN-WP, we consider the nonlinear signal
where f 1 = 20 Hz, f 2 = 50 Hz, and r 2 (t) are the noise signals with a SNR of 5 dB. The sampling rate is set to 400 Hz and the sampling time is 1 s. Moreover, it is assumed that the unit of signal r(t) is centimeter (cm). Figure 4 shows the vibration amplitudes of signals r(t) and r 1 (t), as well as their PSD functions. Following this, the signal r(t) is processed by employing CEEMDAN, CEEMDAN-WP, and WP, separately. Based on the CEEMDAN and FFT methods, nine IMF components and their corresponding PSD functions were obtained, as shown in Figure 5 . It can be seen that the IMF2-IMF4 components contain the dominate frequency information of the signal. Hence, they were retained, and the other components were removed. This is equivalent to forming a band-pass filter. Figure 6a shows the vibration amplitude of the first-time restructured signal (Signal X1). Following this, a three-level WP technique was applied to denoise the signal X1, and the second-time restructured signal (Signal X2) was obtained, as shown in Figure 6b . Additionally, a single WP technique was employed to denoise the signal r(t), and the result (Signal X3) is depicted in Figure 6c . In general, SNR and root mean square error (RMSE) play important roles in evaluating the effect of noise reduction. They take the forms
where S i and S i represent the real signal and the denoised signal, respectively, and n is the length of the signal. The maximum SNR and minimum RMSE are better with regard to the effect of noise reduction. Table 1 shows the statistical results of SNR and RMSE under the three different denoising methods. In Table 1 , it can be seen that the SNR obtained via the CEEMDAN-WP method is higher than that obtained using the other two methods. The RMSE obtained via the CEEMDAN-WP method is lower than that obtained using the other two methods. That is to say, the CEEMDAN-WP outperforms the single CEEMDAN and WP methods. Hence, based on the GNSS-RTK measurement, the vibration signals of a long-span bridge may be denoised by employing the CEEMDAN-WP method. 
Structural Dynamic Deformation Monitoring of Rainbow Bridge

Bridge Description and Test Plan
We will now consider a long-span concrete-filled steel tubular arch bridge, which is called Rainbow Bridge, as shown in Figure 7 . The bridge is located in the east part of Tianjin, China and has a length of 1215.69 m. The main bridge length is 504 m and the width is 29 m. It is a rigid arch system with a simple supported down bearing flexible tie rod, a total of three holes, and a calculation span of 160 m. Its vector height is 32 m and its vector span ratio is 1:5. The arch axis of the bridge adopts catenary with an arch axis coefficient of 1.5. To date, due to the long-term passage of overweight vehicles far exceeding the design load, serious damage has been caused to the safety of Rainbow Bridge. In June 2010, a longitudinal concrete beam of the main bridge cracked, resulting in varying degrees of damage to the two adjacent longitudinal concrete beams. An examining report showed that the bridge contained hidden safety issues. Subsequently, all longitudinal concrete beams were replaced with combined beams. Large trucks are now restricted from using the bridge. Therefore, it is of great importance to study the vibration characteristics of Rainbow Bridge and ensure its safety. This section introduces a bridge structure monitoring system based on GNSS-RTK sensors. The dynamic deformation of the Rainbow Bridge under ambient excitation, including the influence of 
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Bridge Description and Test Plan
We will now consider a long-span concrete-filled steel tubular arch bridge, which is called Rainbow Bridge, as shown in Figure 7 . The bridge is located in the east part of Tianjin, China and has a length of 1215.69 m. The main bridge length is 504 m and the width is 29 m. It is a rigid arch system with a simple supported down bearing flexible tie rod, a total of three holes, and a calculation span of 160 m. Its vector height is 32 m and its vector span ratio is 1:5. The arch axis of the bridge adopts catenary with an arch axis coefficient of 1.5. To date, due to the long-term passage of overweight vehicles far exceeding the design load, serious damage has been caused to the safety of Rainbow Bridge. In June 2010, a longitudinal concrete beam of the main bridge cracked, resulting in varying degrees of damage to the two adjacent longitudinal concrete beams. An examining report showed that the bridge contained hidden safety issues. Subsequently, all longitudinal concrete beams were replaced with combined beams. Large trucks are now restricted from using the bridge. Therefore, it is of great importance to study the vibration characteristics of Rainbow Bridge and ensure its safety. This section introduces a bridge structure monitoring system based on GNSS-RTK sensors. The dynamic deformation of the Rainbow Bridge under ambient excitation, including the influence of This section introduces a bridge structure monitoring system based on GNSS-RTK sensors. The dynamic deformation of the Rainbow Bridge under ambient excitation, including the influence of vehicular load, was monitored using a 10 Hz sampling frequency. The position of the GNSS-RTK reference station receiver was~200 m from the Rainbow Bridge. To avoid the influence of ambient excitation on the reference station, the tripod for the fixed reference station receiver was placed on stable ground subject to no traffic interference, as shown in Figure 8a . Ten GNSS-RTK rover stations were employed to monitor the bridge through these vertical vibration response data were collected. The rover stations were symmetrically arranged on both sides of the Rainbow Bridge, as illustrated in Figure 8b . Figure 8c illustrates the schematic locations.
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FEM of the Bridge
Finite element analysis software-ANSYS 14.5-was selected as the tool used to establish FEM of the Rainbow Bridge, and via this software the bridge's structural dynamic characteristics were evaluated. Figure 9 shows the FEM of Rainbow Bridge. There are 1765 nodes and 2727 elements in this FEM model. The steel pipe, wind brace, crossbeam, stringer, and pier are represented by BEAM44. When considering the plasticity of materials, the BEAM188 element was elected. The link10 and shell63 elements were used to simulate the tie bars and the deck of the bridge, respectively. There were six degrees of freedom (DOF) for every node, including the translational DOF along the x, y, and z directions and the rotational DOF around the x, y, and z axes, individually. Table 2 illustrates the relevant parameters for FEM. Finally, we obtained the first six natural frequencies (i.e., 0.1632 Hz, 0.6787 Hz, 0.8171 Hz, 0.8254 Hz, 0.9225 Hz, and 0.9945 Hz) of the structure. The structural mode shapes of the first six orders are shown in Figure 10a -f, which may offer some references for the field monitoring. 
Vibration Signal Analysis
As depicted in Nyquist sampling theory, when the sampling frequency is greater than twice the highest frequency of the signal, the digital signal completely retains the information of the original signal; thus, the sampling signal can be reconstructed as the initial continuous form without the loss of information. According to the numerical simulation results in the previous section, the first order natural frequency (i.e., 0.1632 Hz) is much less than 10 Hz. Therefore, this sampling frequency meets the theoretical requirements.
Dynamic deformation monitoring was conducted for 10 consecutive hours from 9:00 a.m. to 7:00 p.m. on 24 February 2017. The collected data and its PSD function at the monitored point C3 are shown in Figure 11 . The amplitude of the vertical vibration displacement is within −0.0564~0.0652 m. FFT was employed to identify the structural natural frequency. There is an obvious peak corresponding to the structurally dominant frequency (i.e., 0.1835 Hz). Compared with the result of the numerical analysis, the identified modal parameter of the bridge using the 
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Dynamic deformation monitoring was conducted for 10 consecutive hours from 9:00 a.m. to 7:00 p.m. on 24 February 2017. The collected data and its PSD function at the monitored point C3 are shown in Figure 11 . The amplitude of the vertical vibration displacement is within −0.0564~0.0652 m. FFT was employed to identify the structural natural frequency. There is an obvious peak corresponding to the structurally dominant frequency (i.e., 0.1835 Hz). Compared with the result of the numerical analysis, the identified modal parameter of the bridge using the FFT method is larger. We obtained noise distribution characteristics according to the stability experiment. The proposed combined denoising method was employed to deal with both low-frequency and high-frequency noise. At first, the original signal was decomposed by the CEEMDAN method and 14 IMFs were obtained. Figure 12 illustrates the 14 IMFs and their corresponding PSD functions, from which we can conclude that the components containing the structural natural frequency is mainly distributed within IMF6-IMF8. IMF1-IMF3 and IMF11-IMF14 components should be removed because they contain a lot of high-frequency and low-frequency noise, respectively. This operation is the equivalent of denoising with a band-pass filter. IMF6-IMF8 components were reconstructed as Signal R1. Signal R1 and its PSD function are shown in Figure 13 . It is obvious that the amplitude of the displacement (i.e., −0.0349-0.0257 m) was significantly reduced following reconstruction. In addition low-frequency noise was effectively eliminated. Subsequently, the three-layer WP technique was used to deal with Signal R1, and thus Signal R2 was derived. As shown in Figure 14 , the amplitude of displacement (i.e., −0.0235-0.0198 m) was further reduced. Moreover, a single WP technique was adopted to denoise the original signal from Figure 11 , with the result (i.e., Signal R3) indicated in Figure 15 . Meanwhile, the RMS of the original signal, Signal R3, Signal R1, and Signal R2 were obtained, being 0.0153 m, 0.0147 m, 0.0064 m, and 0.0056 m, respectively. In view of the above discussion, it may be concluded that the combined method used in this paper is more effective than the individual application of CEEMDAN or WP.
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In general, the damping ratio selected for design is estimated empirically. Therefore, it is of great importance to use the RDT method to obtain a damping ratio from the field measured data. In some research, the value of subsample N has been in the range of 400 to 2000 [42] . In this paper, the value of N is defined as 1500, and different values of the time interval were chosen as Figure 16 illustrates the computed results of the RDS, and the structural damping ratios corresponding to different  values can be obtained via Equation (23) 
Conclusions
This article has focused on the dynamic deformation monitoring of Tianjin Rainbow Bridge using GNSS-RTK and the corresponding modal parameters, which were analyzed via the employment of FFT and RDT. With a focus on the existence of noise in the signal, we proposed a combined denoising method, called CEEMDAN-WP. An FEM of the bridge was established in order to provide a reference with which to compare the field measurement results. Through an analysis of our field measurement and finite element simulation results, we were able to draw the following conclusions. (1) The GNSS-RTK technique can be used to monitor the dynamic response of long-span bridges under ambient excitation. The sampling frequency and noise intensity of the GNSS-RTK receivers essentially meet the requirements of field measurement. (2) The proposed CEEMDAN-WP method is an efficient means with which to eliminate both low-frequency and high-frequency noise without distortion. In general, the damping ratio selected for design is estimated empirically. Therefore, it is of great importance to use the RDT method to obtain a damping ratio from the field measured data. In some research, the value of subsample N has been in the range of 400 to 2000 [42] . In this paper, the value of N is defined as 1500, and different values of the time interval were chosen as τ = 100 s, τ = 150 s, and τ = 200 s. Figure 16 illustrates the computed results of the RDS, and the structural damping ratios corresponding to different τ values can be obtained via Equation (23) 
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(1) The GNSS-RTK technique can be used to monitor the dynamic response of long-span bridges under ambient excitation. The sampling frequency and noise intensity of the GNSS-RTK receivers essentially meet the requirements of field measurement. (2) The proposed CEEMDAN-WP method is an efficient means with which to eliminate both low-frequency and high-frequency noise without distortion. (3) Through FFT and RDT analysis, a first natural frequency of Tianjin Rainbow Bridge of 0.1835 Hz and a corresponding damping ratio of 1.73% were obtained. (4) The identified natural frequency obtained from the processed signal was observed to be slightly greater than the FEM value and the difference between them was about 11%. This may have been caused by bridge damage or the inadequate accuracy of the finite element model. Funding: This research received no external funding.
